P
ropofol is an anesthetic agent that has been widely used as a sedative in the intensive care unit (ICU) for nearly 20 yrs (1). Although propofol is generally considered a safe agent when prescribed based on product labeling recommendations, a troublesome syndrome known as the propofol infusion syndrome (PRIS) has been reported with its use . PRIS was first described in 1992 in a case series of five pediatric ICU patients, who developed metabolic acidosis with bradyarrhythmia and progressive myocardial failure resulting in death while receiving high-dose propofol (Ͼ83 g/kg/min [5 mg/kg/hr]) for Ͼ48 hrs (5) . Since this report, 38 cases of PRIS have subsequently been published in both adults and children with an associated mortality rate exceeding 80% (29, 30) .
PRIS-associated clinical manifestations vary widely and have been reported to include rhabdomyolysis, myocardial failure, acute renal failure, severe metabolic acidosis, bradyarrhythmias, cardiac arrest, dyslipidemias, and hypotension (31) . Postulated risk factors for PRIS include propofol doses Ͼ83 g/kg/min, a duration of therapy Ͼ48 hrs, concomitant use of catecholamine vasopressors or glucocorticoids and age Ͻ18 yrs (29 -31) . Other potential risk factors include patients having an inborn error of mitochrondrial fatty acid oxidation or who receive a ketogenic diet (4, 28) . Recently, the product labeling of propofol has been changed to increase the prescriber's awareness of PRIS. Current labeling advocates the optimization of hemodynamic and oxygen delivery parameters in all ICU patients treated with propofol in addition to the discontinuation of propofol if metabolic acidosis, rhabdomyolysis, hyperkalemia, and/or rapid progressive heart failure occur during therapy (32) .
Although PRIS is associated with a high mortality rate and propofol is widely used in the ICU, the small number of published case reports of PRIS leave the demographic and clinical factors associated with PRIS, particularly those factors associated with death, poorly characterized. One recent study attempted to analyze deaths associated with the administration of propofol; however, its utility as a guide for identifying PRIS was limited given that many of the PRIS-associated clinical manifestations that have been re-ported in published case reports were excluded and that only cases associated with death were evaluated (33) . Given the high-mortality associated with PRIS, we sought to 1) identify predictors of mortality in patients receiving propofol who had PRIS-associated clinical manifestations, and 2) propose a simple scoring system to identify patients with suspected PRIS who are at most risk of death.
METHODS
Published case reports of PRIS were identified via a MEDLINE search (1950 -June 2006) using one or more of the following search terms: propofol, PRIS, rhabdomyolysis, and adverse drug events (3-28, 31, 34) . The references listed at the end of each case report were manually searched to identify additional possible cases of PRIS. Both pediatric and adult reports were included. From the identified cases (n ϭ 43), a list of the most common PRIS-associated clinical manifestations was tabulated and grouped under nine different categories. The categories and the frequency of each clinical manifestation was reported among the 43 cases, included 1) rhabdomyolysis (n ϭ 25); 2) cardiac (n ϭ 69) including asystole (n ϭ 6), bradyarrhythmias (n ϭ 14), bradycardia (n ϭ 14), Brugada-like electrocardiogram pattern (n ϭ 6), cardiac arrest (n ϭ 6), myocardial failure (n ϭ 5), pulseless electrical activity (n ϭ 6), and ventricular tachycardia/fibrillation (n ϭ 12); 3) metabolic acidosis (n ϭ 24) (including lactic acidosis); 4) hypotension (n ϭ 16); 5) hepatic (n ϭ 14); made up of hepatomegaly (n ϭ 7), hepatic steatosis (n ϭ 4), and transaminitis (n ϭ 3); 6) renal (n ϭ 34); made up of anuria (n ϭ 4), oliguria (n ϭ 6), renal failure (n ϭ 11), and hyperkalemia (n ϭ 13); 7) hypoxia (n ϭ 5); 8) hyperthermia (n ϭ 12); and 9) dyslipidemia (n ϭ 16) made up of hypertriglyceridemia (n ϭ 9) and lipemia (n ϭ 7). This study received expedited approval from the Institutional Review Board at Tufts-New England Medical Center before its completion.
Under the Freedom of Information Act, we requested all case reports submitted to the Food and Drug Administration's MEDWATCH Adverse Event Reporting System database from the years 1989 through 2005 in which one or more of the above PRIS-associated clinical manifestations was reported in a patient who received propofol. MEDWATCH is the world's largest repository of adverse drug events, particularly those that are relatively rare (35, 36) . Although published case reports of PRIS suggest that it is comprised of more than one of these clinical manifestations, the exact combination of clinical factors is not well elucidated and thus the authors deemed it important to include patients with as few as one of the identified PRIS clinical manifestations (29, 30, 37 ). An experienced critical care pharmacist (JJF) manually screened each case and entered it into a Microsoft Access database (Microsoft Corp., Redmond, WA). Cases were excluded if: a) none of the PRIS-associated clinical manifestations were present, b) the survival status of the patient was unknown, c) the case matched only one word of a multiple-word clinical manifestation (e.g., atrial fibrillation rather than ventricular fibrillation), or d) the PRIS-associated clinical manifestation could be clearly explained by another documented clinical event (e.g., anaphylactic shock), or e) the report represented a follow-up report for the same patient (Fig. 1) . A second investigator (MK) verified and validated each case entered into the database.
Various patient, reporting, dosing, and concomitant medication characteristics were compared between patients with suspected PRIS who died and those who survived. These included age in years (also stratified by Ͻ18 yrs and Ն18 yrs), gender, type of report (i.e., expedited, periodic, or direct), suspected role of propofol (i.e., primary or secondary), geographic origin of report (i.e., North American vs. non-North American), report source (i.e., health professional or unknown), brand of propofol (i.e., Diprivan vs. generic formulation) propofol dose, propofol duration, use of corticosteroid, or catcholamine vasopressors therapy during suspected PRIS event and the identified PRIS clinical manifestations. Chi-square tests were used to compare the distributions for each characteristic between patients who died and those who survived.
The risk for mortality was measured for those factors found to have statistically significant associations with death and was expressed as an odds ratio (95% confidence interval). This univariate analysis excluded those variables (i.e., country of origin, duration of propofol therapy, and concomitant use of glucocorticoids) where the amount of missing data in the Adverse Event Reporting System report was deemed to be too large to allow analysis (i.e., Ն25%). The multivariable logistic regression model was built by first doing a stepwise analysis for the PRIS clinical manifestations and demographic parameters that were statistically significant in the univariate analysis. As a second step, the other covariates were forced into the resulting model, and removed sequentially if not significant. Two-way interactions between clinical manifestation variables with each other and with age (Ͻ18 and Ն18 yrs) were also allowed to step into the model. In the model building process, a p value Յ0.05 was used to retain variables in the final model. For presentation purposes, the final model was reparameterized to more easily interpret interactions.
To develop a reproducible, quantifiable means for assessing the risk for death in patients with suspected PRIS, a simple scoring scheme was developed based on the coefficients from the logistic regression model. A score ranging from 0 to 4 based on the presence or absence of PRIS clinical manifesta- tions and related demographic factors was computed for each patient in the data set. To evaluate the performance of this score as related to mortality, a logistic regression model was run using the score as the single predictor variable. Actual and predicted death rates were calculated for each score value (0 -4), the receiver operator curve area was computed, and the Hosmer-Lemeshow lack-of-fit test was run. All statistical comparisons were performed using the SAS system for Windows (9.1.3) (The SAS Institute, Cary, NC). A p value Ͻ0.05 was considered statistically significant for all analyses.
RESULTS
Of the 3168 cases contained in the Food and Drug Administration MEDWATCH report, 2029 were excluded (Fig. 1) . Of the 1139 suspected PRIS cases that were included in the analysis, 342 (30%) were fatal. Most of these 1139 cases involved adults (Ն18 yrs) (n ϭ 817; 80%), identified propofol as the primary suspect drug (n ϭ 725; 70%), were reported in an expedited manner (n ϭ 960; 84%) by a health care professional (n ϭ 725; 64%) and involved brand name Diprivan (n ϭ 705; 62%) ( Table 1 ). The average age for the adults was 51.7 Ϯ 18 yrs and for children 8.9 Ϯ 6.2 yrs. The propofol infusion dose exceeded 83 g/kg/min (5 mg/kg/hr) in 88 (68%) of the 129 cases, where dose was reported. Duration of therapy was reported in 136 (12%) of 1139 cases and exceeded 48 hrs in 54% of these 136 cases. Because dose-related data were not available for nearly 90% of the study sample, these data were not explored as markers for mortality in either the univariate or multivariable logistic regression analyses. Patients with suspected PRIS who died were more likely to be younger than 18 yrs (p Ͻ 0.0001), male (p Ͻ 0.0028), from outside North America (p ϭ 0.0028), have received propofol Ն48 hrs (p ϭ 0.0029) and had been concomitantly treated with catecholamine therapy (p ϭ 0.0009). Only 44 (4%) of the reports contained the term "propofol infusion syndrome."
The order of frequency of the PRISassociated clinical manifestations were cardiac (43.7%), followed by hypotension (34.0%), rhabdomyolysis (27.0%), hepatic (24.1%), renal (23.5%), metabolic acidosis (20.1%), hypoxia (17.5%), hyperthermia (11.6%), and dyslipidemia (5.3%) ( Table 3) .
The multivariate logistic regression model revealed statistically significant interactions between rhabdomyolysis and hypotension as well as rhabdomyolysis and renal failure. Separate odds ratios from the final model were computed for each possible combination of renal failure, hypotension, and rhabdomyolsis to allow for the odds of death to be compared between the combinations of these factors. These adjusted odds ratios are presented in Table 4 . Although ranked in order from highest to lowest, we note that there is statistical uncertainty in these estimates, and the span of the confidence intervals must also be considered when interpreting these results. The highest adjusted odds ratios for mortality were found for the presence of hypotension and rhabdomyolysis (with or without the presence of renal failure). The presence of cardiac involvement alone was independently associated with a greater likelihood of death. Another significant interaction was found between metabolic acidosis and age. Although both younger age and presence of metabolic acidosis were risk factors, their effects were not multiplicative. The receiver operator curve area for this model was 0.765.
The Table  5 . Point values for the presence/absence of each predictor or combination of predictors, based on the values of the model coefficients, rounded to either 1, 0, or Ϫ1, are also presented in Table 5 . To compute a mortality risk score for a patient with suspected PRIS, the point values for each of their characteristics is totaled. For example, if a patient had cardiac involvement (1 point), rhabdomyolysis and hypotension (1 point for rhabdomyolosis, 1 point for both), and was under age 18 years (1 point) they would have a total of 4 points. The receiver operator curve area from the logistic regression model using the mortality risk score as the sole independent variable was 0.744 with the odds ratio for a 1-point increase of 2.89 (2.43-3.40). The results of the Hosmer-Lemeshow test failed to show a statistically significant lack-of-fit (p ϭ 0.40). The predicted death rate (from the mortality risk score model) and the observed death rate (from the entire database) are presented in Table 6 . For example, a patient having a PRIS score of 1 would have a predicted mortality rate of 24%, whereas a PRIS score of 4 would predicate a mortality rate of 89%.
DISCUSSION
The increasing awareness of PRIS in the medical community, and its inherently high mortality rate, have led to concerns regarding the routine use of this agent in clinical practice in the ICU, particularly in children (29 -31, 37-39) . Our study is the first to identify clinical predictors of mortality in patients with suspected PRIS and to propose a scoring system to aid clinicians in estimating risk for mortality in this population. Scoring systems such as this have been shown to improve the ability of clinicians to identify complex syndromes (40) . The patient factors associated with higher mortality that our analysis identified are consistent with the PRIS-related symptoms contained in published case series and supports recent revisions to the propofol package insert by regulatory authorities (37) . Our findings also highlight the need to educate critical care clinicians regarding PRIS given that only 4% of the MED-WATCH reports identified PRIS by name in the report.
Recently, Wysowski and Pollock (33) reviewed and analyzed MEDWATCH re- ports of death in American patients (both children and adults), when propofol was administered for nonprocedural sedation and it was the primary suspect drug in the report. Reports were generated from marketing to April 2005 and PRIS was defined for the purposes of this analysis as metabolic acidosis and/or rhabdomyolysis with progressive myocardial failure. Of the 21 patients Յ16 years of age who died, 15 (71%) had a disorder consistent with the PRIS definition used; of the 68 patients older than 16 years who died, 21 (31%) had a disorder consistent with PRIS using this same definition. Our analysis identified a far greater number of patients in the MEDWATCH system than Wysowski and Pollock given that we did not limit our analysis to only those cases that were fatal, included reports where propofol was administered for indications other than nonprocedural sedation, analyzed both foreign and American reports, and used a much more liberal definition for PRIS in an effort to identify the risk factors associated with mortality in patients with suspected PRIS.
The results of our analysis corroborate with most, but not all, of the findings from published PRIS case series (10, 29 -31, 33) . Although the PRIS-related features we identified (i.e., cardiac failure, rhabdomyolysis, metabolic acidosis, and renal failure) are similar to those reported by Vasile et (10, 29 -31) . In these two latter reports, PRIS was also associated with lipemia, hepatic steatosis, and hepatomegaly. While 24% of the cases in MEDWATCH had hepatic manifestations, there was nearly an equal distribution between those who died (23%) and those who survived (25%). When the mortality scoring system proposed in this analysis was applied to those patients in the MEDWATCH cohort with PRIS-related clinical manifestations most commonly identified in the published case reports (i.e., cardiac failure, rhabdomyolysis, metabolic acidosis, and renal failure), the mortality rate (74%) was very similar to those in the published reports.
The fact that we completed a systematic analysis of the MEDWATCH database rather than relying solely on a review of published suspected PRIS cases is a major strength of our analysis given that published cases are more apt to report both fatalities and those situations involving multiple PRIS clinical manifestations. The Food and Drug Administration MEDWATCH system collects data from both manufacturersponsored clinical trials and voluntary reports from clinicians on a worldwide basis and thus is the largest available repository for adverse drug event data. Its use in characterizing adverse drug events is well established (35, 36, 41) . The methodology used to formulate the PRIS clinical manifestations used in the analysis was based on the frequency these manifestations have been reported using all published PRIS case series and concomitant administration of medications such as catecholamine vasopressors. Finally, These odds ratios were computed from a multivariable logistic regression model (Table 5 ) based on n ϭ 1003 patients. The receiver operating characteristic curve ϭ 0.765. The model 2 ϭ 222.6, df ϭ 9, p Յ 0.0001. The logistic regression model using the 0 to 4 point mortality risk score as predictor had a receiver operating characteristic curve ϭ 0.744. The odds ratio for a 1 point score increase is 2.87 (95% confidence interval: 2.43-3.40) p Ͻ 0.0001. The Hosmer-Lemshow test for lack-of-fit p ϭ 0.40 (df ϭ 2). This model is based on 1003 patients. the fact that the majority of the cases we identified list propofol as the primary suspected agent makes other causes for the symptoms observed to be unlikely.
Our analysis has a number of potential limitations, many of which relate to the general limitations of using the MEDWATCH system (42) (43) (44) . These include the large amount of missing data in reports that makes causality challenging to establish, the lack of a link between prescribing patterns and adverse event reporting, the fact that reporting rates are highly variable and dependent on external events (e.g., "dear doctor" letters), that reporters may erroneously assign an adverse event to a drug, and finally that reports are generated from both clinical trials and clinical practice. Despite using a search strategy based on published PRIS case reports, we had to eliminate more than 2000 of the cases either because no PRIS-associated clinical manifestation was present or survival status was unknown. The fact that the majority of cases were reported in an expedited manner suggests that only the most likely cases of suspected PRIS may have been reported. This latter point is particularly important for a syndrome like PRIS that involves conditions commonly observed in ICU patients (e.g., metabolic acidosis).
A number of factors that have been proposed to increase the risk for PRIS were not able to be incorporated in the model either because they were frequently missing in the reports (e.g., dose, bolus administration of propofol, duration of therapy, concomitant use of corticosteroids, or vasopressors), were too infrequent (e.g., dyslipidemia), or are not included in the MEDWATCH reports (e.g., the cumulative dose of propofol administrated, severity of illness, presence of airway infection or severe head injury) (31) . Lack of a severity of illness score for any of the patients (e.g., Acute Physiology and Chronic Health Evaluation II score) in the database makes it impossible to know whether the patients in our cohort who died were simply a sicker cohort at baseline. Finally, the lack of a documented start date for propofol in most of the cases relative to the development of any of the individual PRIS symptoms made a temporal analysis of PRIS, and the factors associated with death, impossible to conduct.
Further research efforts should focus on prospectively validating the mortality scoring system that we developed in patients with suspected PRIS. In addition, it is important to study whether the practice of bolusing propofol is a risk factor for PRIS given that studies of smart infusion systems in the ICU have identified propofol to be the most frequent cause for averted overdoses and a close second to heparin as the agent with the highest Intravenous Medication Harm Index (45) . In addition, other research efforts should focus on further exploration of the pathogenic mechanisms for PRIS including elucidation of the various clinical sequelae that have been associated with this syndrome. Determining whether certain patient populations are genetically at greater risk for PRIS (e.g., inborn error of mitochondrial fatty acid oxidation) requires further evaluation (29) . Only through large, carefully conducted, prospective evaluations of critically ill patients administered propofol will the clinical manifestations most commonly associated with PRIS be identified, the risk factors associated with its development be characterized, and the optimal monitoring strategy to detect PRIS be determined.
By using the Food and Drug Administration MEDWATCH system, we have identified a number of factors that are independently associated with a higher risk for death in patients with suspected PRIS. It is important to note that some of these factors are not reflected in current package insert recommendations (i.e., age Ͻ18 yrs, renal failure, hypotension) and thus may be underappreciated by clinicians. Clinicians should carefully monitor their patients receiving propofol for the presence of those PRIS-related factors associated with higher death, and if found to be present, consider alternate sedation regimens.
